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Mapping the Location of TFIIB within the RNA
Polymerase II Transcription Preinitiation
Complex: A Model for the Structure of the PIC
mation, initiation of RNA synthesis begins with DNA-
NTP base pairing, phosphodiester bond formation, and
movement of the template DNA-RNA hybrid within the
active center of Pol II. After synthesis of 20–30 bases
of RNA, elongation factors facilitate escape of Pol II
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from the promoter to form a stable elongation complex.
TFIIB contains several domains distinguished by their
distinct structural folds and functions (Figure 1A). TheSummary
C-terminal core domain (TFIIBc) uses two cyclin-like
folds to clamp the C-terminal stirrup of TBP and inter-Biochemical probes positioned on the surface of the
acts with DNA upstream and downstream of the TATAgeneral transcription factor TFIIB were used to probe
box (Tsai and Sigler, 2000; Lagrange et al., 1998; Nikolovthe architecture of the RNA polymerase II (Pol II) tran-
et al., 1995). The zinc ribbon domain, encompassingscription preinitiation complex (PIC). In PICs, the TFIIB
30 residues at the N terminus of TFIIB, is composedlinker and core domains are positioned over the cen-
of three antiparallel beta strands and a zinc bindingtral cleft and wall of Pol II. This positioning is not ob-
motif (Bushnell et al., 2004; Chen et al., 2000; Hahnserved in the smaller Pol II-TFIIB complex. These re-
and Roberts, 2000). Genetic, biochemical, and structuralsults lead to a new model for the structure of the
studies all indicate that the ribbon domain is essentialPIC, which agrees with most previously documented
for interaction of TFIIB with Pol II (Hahn, 2004). As shownprotein-DNA interactions within Pol II and archaea
by biochemical probing of complete PICs and the X-rayPICs. Specific interaction of the TFIIB core domain
structure of the Pol II-TFIIB complex, the TFIIB ribbonwith Pol II positions and orients the promoter DNA
domain interacts with a region of Pol II termed the dock,over the Pol II central cleft, and TBP-DNA bending
binding in a pocket formed by the wall, clamp, and dockleads to bending of the promoter around the surface
regions of Pol II, overlapping the RNA exit channelof Pol II. The TFIIF subunit Tfg1 was found in close
(Bushnell et al., 2004; Chen and Hahn, 2003). This rib-proximity to the TFIIB B finger, linker, and core do-
bon-dock interaction is likely to be conserved amongmains, suggesting that these two factors closely coop-
Pol II, Pol III, and archaeal Pol, as these enzymes allerate during initiation.
utilize a TFIIB-like general transcription factor and con-
tain a conserved dock region sequence.Introduction
Two additional segments of TFIIB, the B finger and
linker domains, are located between the TFIIB core andTranscription of genes by RNA polymerase II (Pol II)
ribbon domains (Figure 1A) (Bushnell et al., 2004). Bothinvolves several distinct steps, with an early step being
these segments appear unstructured in solution, as sug-the recruitment of Pol II and the general transcription
gested by protease sensitivity and NMR structural stud-factors to form the preinitiation complex (PIC) (Hahn,
ies (Chen et al., 2000; Zhu et al., 1996; Roberts and2004; Hampsey, 1998). Although not in the correct con-
Green, 1994; Barberis et al., 1993). However, the X-rayformation to initiate transcription, this stable promoter
structure of the Pol II-TFIIB complex demonstrated thatcomplex contains all factors necessary for transcription
the B finger, containing a highly conserved sequenceinitiation. The nucleation of transcription factors at the
block of 30 residues, folds into a finger-like loop andpromoter requires a complex network of protein-protein
is positioned within the elongated space extending from
and protein-DNA interactions. The general transcription
the RNA exit channel to the active center of Pol II (Bush-
factor TFIIB plays a central role in PIC formation, inter-
nell et al., 2004). The location of the finger domain within
acting with TBP, Pol II, TFIIF, and DNA on either side the Pol II active center coincides with the position of the
of the TATA box (Hahn, 2004; Hampsey, 1998). Upon eight-base pair DNA-RNA hybrid helix in the transcribing
addition of ATP, the PIC undergoes a large conforma- enzyme (Gnatt et al., 2001; Westover et al., 2004). This
tional change resulting in separation of the DNA strands suggests a possible interaction between the B finger and
surrounding the transcription start site and the insertion the initial DNA-RNA hybrid that could affect promoter
of the template DNA strand into the active center of Pol escape and/or positioning of the template strand within
II to form the unstable open complex (Hahn, 2004). In the active site of Pol II. The X-ray structure model of the
this step, the general transcription factors TFIIH, TFIIE, Pol II-TFIIB complex also suggests that the TFIIB linker
and TFIIF are thought to play major roles by inducing domain exits the active center of Pol II by following a
torsional strain in the DNA, promoting DNA strand sepa- path back out the RNA exit channel (Bushnell et al.,
ration, and positioning the DNA strands within the open 2004). From this position, the linker was proposed to
complex (Tirode et al., 1999; Lei et al., 1998; Holstege connect to the TFIIB core domain interacting with the
et al., 1996; Tan et al., 1995). TFIIB is also likely to be Pol II dock, on the opposite face from where the TFIIB
directly involved in open complex formation, as sug- zinc ribbon domain interacts. The structure model of
gested by its function in transcription start site selection the Pol II-TFIIB complex and the cryo-EM structure of
(Hahn, 2004; Hampsey, 1998). After open complex for- the Pol II-TFIIF complex (Chung et al., 2003) have al-
lowed modeling the structure of the PIC based on the
known interactions of TBP and DNA with the TFIIB core*Correspondence: shahn@fhcrc.org
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Figure 1. TFIIB Mutants Used in the Directed Hydroxyl Radical Cleavage and Site-Specific Photocrosslinking Assays
(A) TFIIB domains and cysteine mutants. The S. cerevisiae zinc ribbon, finger, linker, and core domains are colored blue, pink, yellow, and
green, respectively. Cysteine substitutions used in this work are indicated. The position of mutations eliminating four endogenous cysteine
residues are listed below. All TFIIB derivatives used in this work contained these four mutations.
(B) Structure of the zinc ribbon and B finger domains. The backbone of the zinc ribbon and the B finger domains are shown. Positions of cys
mutations are colored red. The magenta sphere indicates the zinc atom.
(C) TFIIB core domain surface and backbone. The TFIIB core domain backbone and cys mutations are shown as in (B) along with the molecular
surface of the core domain.
domain. However, an important unanswered question is and demonstrates the central role of TFIIB in positioning
the path of promoter DNA across the central cleft of Polwhether the structure of these smaller Pol II complexes
reflects the position of these general transcription fac- II. Photocrosslinking studies of PICs also demonstrated
that the TFIIB B finger, linker, and core domains aretors in the context of the much larger PIC.
In this work, we have used site-specific photocross- in close contact with TFIIF, suggesting that these two
factors closely cooperate in PIC formation and in thelinking and hydroxyl radical cleavage to locate the posi-
tions of the TFIIB B finger, linker, and core domains mechanism of transcription initiation.
within the PIC. While we find that the B finger domain
in PICs is located within the active center of Pol II, con- Results
sistent with the X-ray structure of Pol II-TFIIB, we find
that the TFIIB core domain is precisely positioned on Mapping the Position of the TFIIB B Finger
and Linker Domains within the PICPol II only in the PIC and not in the smaller Pol II-TFIIB
complex. This positioning of the TFIIB core domain on Site-specific hydroxyl radical cleavage was used to lo-
cate the TFIIB B finger and linker domains on the surfacePol II leads to a new model for the structure of the PIC
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of Pol II (Datwyler and Meares, 2000). This strategy ini- finger (S67C and S74C; Figure 1B), consistent with the
tially requires attachment of the hydroxyl radical-gener- B finger inserting into the active center in the PIC.
ating reagent FeBABE (an Fe-EDTA complex) to a series From the Pol II-TFIIB structure model, the TFIIB linker
of surface cys residues in S. cerevisiae TFIIB as de- region was proposed to exit out the RNA exit channel
scribed previously in our study of the TFIIB zinc ribbon and end near the ribbon domain of TFIIB (Bushnell et
domain (Chen and Hahn, 2003) (Figure 1A). A total of al., 2004). In contrast to this model, the cut sites from
nine B finger and linker residues, primarily located near three cys mutations positioned in the TFIIB linker (N91C,
residues that are highly conserved among eukaryotic D103C, and V118C, Figure 1A) are distributed in the fork,
TFIIBs, were mutated to cysteine, and these recombi- protrusion, wall, and clamp regions of Pol II (Supplemen-
nant TFIIB variants were conjugated to FeBABE. The tal Table S1; Figure 2F) and are similar to those observed
resulting FeBABE-substituted proteins supported tran- from the B finger cys variants but different from those
scription initiation in vitro with transcription activities generated by the TFIIB ribbon cys variants (Chen and
from 30%–100% of wild-type TFIIB (see Supplemental Hahn, 2003). We conclude that the location of the TFIIB
Figure S1A at http://www.cell.com/cgi/content/full/119/ linker domain within the PIC is close to the B finger as
2/169/DC1/). PICs were assembled on an immobilized well as to the indentation formed by the protrusion and
yeast HIS4 promoter using these FeBABE-TFIIB vari- wall regions of Rpb2 and the rudder loop within the
ants, yeast nuclear extract, and the activator Gal4-VP16. clamp of Rpb1 (Figure 2F).
Activation of FeBABE generated hydroxyl radicals, re-
sulting in cleavage of polypeptides near the site of Fe- The TFIIB B Finger and Linker Domains in the PIC
EDTA attachment. Comparison of our previous cleavage Are Positioned Close to the TFIIF
results using Fe-BABE tethered to the TFIIB ribbon do- Large Subunit
main with the structure of the Pol II-TFIIB complex sug- To probe for other polypeptides located near the TFIIB
gests that •OH diffusion results in polypeptide cleavage linker and B finger domains, site-specific photocross-
within 15 A˚ of the Fe-EDTA center, which is located linking was performed in PICs assembled using the
12 A˚ from the cysteine S atom (Bushnell et al., 2004; TFIIB cys variants conjugated to the 125I-labeled photo-
Chen and Hahn, 2003). The cleavage reactions were crosslinker PEAS (Chen et al., 1994). These TFIIB deriva-
carried out using nuclear extracts containing Flag epi- tives displayed in vitro transcription activities from 33%
tope tag fusions at either the C terminus of Rpb1 (the to 90% of wild-type levels (Supplemental Figure S1B).
largest Pol II subunit) or at the N or C terminus of Rpb2 UV irradiation followed by incubation with DTT transfers
(the second-largest Pol II subunit). Cleavage products the crosslinker to polypeptides located within 15 A˚ of
were visualized by Western blots probed with either the C carbon of the cysteine. The reaction products
anti-Flag antibody or an antibody recognizing the N ter- are then analyzed by SDS-PAGE and autoradiography to
minus of Rpb1 (Figure 2). Compared to control experi- reveal crosslinked polypeptides (Figure 3A). The cross-
ments using the non-cys-substituted TFIIB variant (wt) linked proteins were identified by performing crosslinking
or no FeBABE (), specific cleavage fragments were experiments using extracts containing Flag-tagged tran-
observed using the FeBABE-TFIIB variants. scription factors (Figure 3B). If crosslinked, the Flag-
The sizes of the peptide fragments and their corre- tagged polypeptide migrates more slowly upon SDS
sponding cleavage sites were calculated based on a PAGE relative to the nontagged polypeptide. We found
previously developed method using in vitro-translated that the Pol II subunits Rpb1 and Rpb2 crosslinked to
Flag-tagged Rpb1 and Rpb2 peptides as molecular size PEAS positioned within the TFIIB ribbon, B finger, and
standards (Chen and Hahn, 2003), and the results are
linker domains, indicating close proximity of these three
summarized in Supplemental Table S1 on the Cell web
TFIIB domains and Pol II. Unexpectedly, Tfg1, the largest
site. The calculated FeBABE cleavage sites were mapped
subunit of TFIIF, also crosslinked with the B finger andon the surface of the X-ray structure of Pol II where the
linker domains, demonstrating a close association be-strong/medium and weak cleavages are highlighted in
tween Tfg1 and these domains of TFIIB. These results,blue and light blue, respectively (Figure 2). Four residues
combined with the mapping of the B finger and linkeron either side of the calculated cleavage sites are high-
domains on Pol II, suggest that, in PICs, Tfg1 is locatedlighted to reflect the precision of the molecular size
near the active center of Pol II.measurement (Chen and Hahn, 2003). These cut sites
allow localization of specific TFIIB domains within the
Mapping the Position of the TFIIB Core DomainPIC, as shown in our previous study on the TFIIB ribbon
within the PICdomain and confirmed by the crystal structure of the
Our mapping of the TFIIB linker domain on Pol II sug-Pol II-TFIIB complex (Bushnell et al., 2004; Chen and
gested that the adjacent TFIIB core domain interactsHahn, 2003). From the location of cut sites on the Pol
with Pol II very differently in PICs compared to the loca-II surface, which are distributed among the protrusion,
tion proposed based on the X-ray structure of Pol II-wall, clamp, and fork regions (Cramer et al., 2001) (Figure
TFIIB. To directly test this, we mapped the location of the2E), the B finger is likely to be positioned within the
TFIIB core domain using the hydroxyl radical cleavagespace stretching from the RNA exit channel to the active
assay. A total of 13 cys mutations in the core domainsite of Pol II, consistent with the structure model of the
were created (Figure 1), conjugated to FeBABE, andPol II-TFIIB complex from X-ray crystallography (Bush-
used in the cleavage reactions. Cleavage fragments innell et al., 2004). Notably, specific cut sites in the Rpb2
Rpb1 and Rpb2 were visualized by Western analysisstructural region termed fork loop 2 (Supplemental Table
(Figure 4). The corresponding cleavage sites were cal-S1), which is located deep in the active center, were
generated from two cys mutations at the tip of the B culated (summarized in Supplemental Table S2) and
Cell
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Figure 2. Hydroxyl Radical Cleavage in the PIC from TFIIB B Finger and Linker FeBABE Derivatives
(A and B) Cleavage fragments of Rpb2 with the Flag epitope attached at the N or C terminus were visualized by Western blotting with Flag
antibody. The indicated cys-substituted TFIIB mutants were conjugated with FeBABE and used in PIC formation and hydroxyl radical cleavage
assays. A non-cys TFIIB (wt) is included as a control. In an additional control experiment (), FeBABE-TFIIB was omitted, and only endogenous
TFIIB from the nuclear extract is present in the assay. The specific cleavage fragments correspond to cut sites in the Rpb2 fork and protrusion
regions (labeled as F/P). The arrows point to full-length Rpb2.
(C and D) Cleavage fragments of Rpb1 visualized by Western blotting with either Flag antibody (Rpb1 C-terminal Flag in [C]) or antibody
against an N-terminal 200 residue fragment of Rpb1 (Anti-Rpb1_N200 in [D]). The specific cleavage fragments correspond to cut sites in the
Rpb1 clamp. Strong cut sites from the zinc ribbon variant R37C (Figure 1A) are located in the active site and dock regions (labeled as A/D).
(E) The calculated FeBABE cleavage sites from TFIIB B finger variants were mapped to the surface of the elongating form of Pol II. A nine
residue segment centered on each calculated cleavage site is colored light blue (weak cleavage) or dark blue (strong/medium cleavage). The
amino acid backbone of the finger (yellow worm and cys mutations in red) is shown based on the Pol II-TFIIB complex structure (Bushnell et
al., 2004). The TFIIB ribbon domain is shown as a yellow backbone (magenta sphere, zinc) interacting with the Pol II dock.
(F) As in (E), the calculated FeBABE cleavage sites from TFIIB linker variants are mapped to the surface of the Pol II structure. The backbone
of the B finger and ribbon domains are shown as in (E).
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The TFIIB Linker and Core Domains Are Localized
on Pol II Only in the PIC and Not in the Pol
II-TFIIB Complex
In the X-ray structure of the Pol II-TFIIB complex, the
electron density for the TFIIB linker and core domains
was weak and diffuse, raising the possibility that these
TFIIB domains may not specifically bind Pol II in this
complex. In contrast, the above mapping data suggests
that these TFIIB domains are specifically localized on
Pol II in the PIC. One explanation for this difference is
that DNA as well as other general factors in the PIC
influence the binding of TFIIB on Pol II.
To directly test this model, we mapped the location
of TFIIB within the smaller Pol II-TFIIB complex. Nuclear
extracts prepared from strains containing a triple Flag
tag on either Rpb1 or Rpb2 were used to isolate Pol II
on anti-Flag antibody agarose beads. Immobilized Pol
II was washed with high salt to remove proteins known
to be associated with Pol II and incubated with the
FeBABE-conjugated TFIIB cys variants under low salt
conditions to allow formation of the Pol II-TFIIB complex.
Hydroxyl radical cleavage of Rpb1 and Rpb2 subunits
was analyzed by Western blot and compared with the
cleavage pattern observed in PICs. As demonstrated in
Figure 5, FeBABE attached to cys variants in the ribbon
(R37C and S53C), and B finger domains (S61C and S67C)
gave similar •OH cleavage fragments in the Pol II-TFIIB
complex and in the PIC, indicating that the TFIIB ribbon
and B finger bind the same Pol II surfaces in both com-
plexes. In contrast, the •OH cleavage fragments using
the linker and core domain cys variants are significantly
weaker and/or not localized compared to those ob-
served in the PIC. For example, FeBABE attached to
the TFIIB linker at position V118C displays little cleavage
of Rpb1 in PICs but shows diffuse cleavage of Rpb1 in
the Pol II-TFIIB complex, which is not localized to any
one surface region of Rpb1 (compare lane 6 in Figures
5A and 5B). FeBABE attached to the TFIIB core domain
positions M135 and I145 displays cleavage in the Rpb1
clamp and Rpb2 wall regions when in PICs but shows
Figure 3. Site-Specific Photocrosslinking in the PIC Using B Finger
almost no detectable cleavage when assayed in the Poland Linker Cys Variants
II-TFIIB complex (compare lanes 8 and 9 in Figures 5A(A) Site-specific photocrosslinking of the TFIIB ribbon, B finger, and
and 5B and lanes 6–12 in Figures 5C and 5D). Theselinker domains in PICs. The positions of photocrosslinker attach-
results demonstrate a significant difference in Pol II-ment are indicated. Nuclear extract from strain SHY245 containing
a nonfunctional TFIIB ts allele was supplemented with PEAS-labeled TFIIB interaction in the PIC compared to the Pol II-TFIIB
TFIIB derivatives and used for PIC formation. The identities of the complex. It seems likely that the binding of the TFIIB
crosslinked products are indicated. linker and core domains on Pol II is influenced by other
(B) Rpb1, Rpb2, and Tfg1 are identified as the crosslinked polypep-
general factors and DNA in the PIC, allowing specifictides. Nuclear extracts from strains containing Flag-tagged Rpb1,
positioning of TFIIB on Pol II.Rpb2, and Tfg1 were used in the photocrosslinking assay as indi-
cated.
TFIIF Crosslinks Extensively to the TFIIB
Core Domain in PICsmapped to the molecular surface of Pol II. As shown in
To identify other polypeptides located near the TFIIBFigure 4D and Supplemental Figure S2, the cut sites are
core domain in PICs, PEAS was attached to the TFIIBdistributed among the fork, protrusion, wall, and clamp
core domain cys variants, assembled in PICs, and cross-regions of Pol II. The TFIIB core domain was modeled
linked. As expected from the location of the TFIIB coreonto the Pol II surface based on the cleavage locations
domain on Pol II indicated by the FeBABE mappinggenerated from each unique cys variant. This Pol II-
studies, we observed crosslinking to Rpb2 with nearlyTFIIBc model places the first cyclin fold in the indenta-
every TFIIB variant (Figure 6A). Surprisingly, every TFIIBtion between the Pol II protrusion and wall regions and
variant also crosslinked to Tfg1 (Figure 6A). PEAS in-the second cyclin fold close to the outer surface of the
serted at TFIIB position H245 also crosslinked to Tfg2,wall region. The position of the first cyclin fold provides
the second-largest TFIIF subunit (Figure 6A). The iden-a reasonable structural connection with the TFIIB linker,
which is likely positioned near this indentation (Figure 2). tity of these crosslinked polypeptides was confirmed
Cell
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Figure 4. Hydroxyl Radical Cleavage in the PIC from TFIIB Core Domain FeBABE Derivatives
(A–C) Western blot showing •OH cleavage products of Rpb1 and Rpb2 using the indicated epitope tags. Also indicated are the sites of
FeBABE attachment to TFIIB and the cleavage sites within the Rpb2 fork/protrusion (F/P), the wall, the Rpb1 active site and dock regions
(A/D), and the clamp. The arrows point to full-length proteins.
(D) The calculated FeBABE cleavage sites from TFIIB core domain variants are mapped on the surface of the elongating form of Pol II. FeBABE
cleavage sites are colored as in Figure 3. A model for the position of the TFIIB core domain derived from the cleavage data is shown. The
amino acid backbone of the core domain (yellow worm with cys mutations in red) is located close to the Pol II protrusion, wall, and clamp
regions. Also shown is the TFIIB ribbon domain (magenta sphere, zinc) interacting with the dock region. In the model, the first cyclin fold is
placed in the indentation between the protrusion and wall regions, and the second cyclin fold is near the outer surface of the wall region.
Two different views are shown.
Architecture of the Pol II Preinitiation Complex
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Figure 5. Comparison of Pol II-TFIIB Interaction in the PIC and in the Pol II-TFIIB Complex
(A and B) •OH cleavage patterns of Rpb1 in PICs (A) or in the Pol II-TFIIB complex (B) are visualized by Western blot using an antibody against
the N-terminal 200 amino acids of Rpb1. The arrows point to full-length Rpb1. Cleavage fragments correspond to cut sites in the Rpb1 active
site/dock (A/D) and clamp regions. L, TFIIB linker region.
(C and D) •OH cleavage patterns of Rpb2 in PICs (C) or in the Pol II-TFIIB complex (D) were visualized by Western blot using Flag antibody.
R, TFIIB zinc ribbon domain; L, TFIIB linker region.
using extracts containing Flag-tagged versions of these elongating form of Pol II (Westover et al., 2004). This Pol
polypeptides (Figure 6B). From the location of PEAS II structure was chosen for modeling because it is the
inserted in the TFIIB core domain illustrated on the TBP- highest resolution structure of the closed clamp form
TFIIBc-DNA structure (Figure 6C), our results suggest of Pol II, the form thought to be utilized in PIC formation
that Tfg1 is positioned underneath and on either side (Westover et al., 2004; Bushnell et al., 2004; Bushnell
of the TFIIB core domain when assembled in PICs. and Kornberg, 2003; Kettenberger et al., 2003; Armache
et al., 2003; Cramer et al., 2001). DNA downstream from
the TATA element was extended from the crystal struc-Model of the Pol II-TFIIB-TBP-TATA Box Complex
ture with straight B form DNA. Although DNA down-TFIIB functions in assembly of PICs through interactions
stream from TFIIB is unlikely to be exactly straight Bwith Pol II, TBP, TFIIF, and DNA, as demonstrated by
form DNA, this positioning of downstream DNA agreesthe site-specific photocrosslinking and hydroxyl radical
very well with previous protein-DNA crosslinking studiesprotein cleavage assays in this study and by previous
(see below).biochemical, genetic, and structural studies (Hahn,
In this model, TBP and TATA DNA are not located2004). Using our new data on the location of the TFIIB
directly adjacent to the to Pol II protrusion, wall, andcore domain in the PIC and the known structure of the
clamp regions but are buffered by the TFIIB core do-TBP-TFIIBc-DNA complex (Tsai and Sigler, 2000; Niko-
main, which interacts directly with the Pol II protrusionlov et al., 1995), we modeled the positions of TBP and
and wall (Figure 7C). TFIIA, which interacts with thepromoter DNA with respect to Pol II (Figure 7). The TBP-
N-terminal stirrup of TBP and DNA, is positioned on theTFIIBc-DNA structure was manually fitted to the •OH
cleavage data using the structure of the high-resolution opposite side of the DNA from TFIIB and points upward
Cell
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Figure 6. Site-Specific Photocrosslinking of the TFIIB Core Domain
in the PIC
(A) Crosslinking of PICs containing TFIIB core derivatives substi-
tuted with 125I-PEAS is shown.
(B) The crosslinked polypeptides Rpb2, Tfg1, and Tfg2 are identified
using epitope-tagged nuclear extracts. Flag-tagged Rpb2, Tfg1, and
Tfg2 extracts were used in the photocrosslinking assay as indicated.
(C) Structure model of the TFIIB core domain-TBP-TATA box com-
plex. Positions of the yeast TFIIB cys mutations on the human core
domain surface (yellow) are based on sequence homology and are
colored red. The DNA nontemplate strand is colored pink, and the
template strand is colored light blue. DNA base pair12 (numbering
based on the adenovirus major late promoter), the site of DNA strand
melting, is colored dark red for the template strand and dark blue
for nontemplate strand, respectively.
Figure 7. Model of TFIIB-TBP-Pol II-DNA Complex
(A) Model of the complex based on TFIIBc binding to Pol II as
(Supplemental Figure S3). In our model, the sharp bend- described in the text and in Figure 4. TBP and DNA were fitted into
ing of the TATA box by TBP and the position of the TFIIB the complex based on the crystal structure of human TFIIBc-TBP-
core domain on Pol II positions DNA downstream from TATA box complex (Tsai and Sigler, 2000; Nikolov et al., 1995),
(Figure 6C). TFIIB and TBP are shown as yellow and green backboneTATA above the Pol II central cleft formed by the Rpb1
models, respectively. The color scheme for DNA is the same as inand Rpb2 subunits. The DNA path formed from the com-
Figure 6C. The Pol II surface is colored white except for the Rpb5bination of the TATA box and the flanking B form DNA
and Rpb9 subunits. The DNA shown extends from promoter posi-
indicates that the DNA bends around the Pol II central tions 40 to 4 using the numbering of the Adenovirus Major Late
cleft, consistent with protein-DNA interactions deter- Promoter (Tsai and Sigler, 2000; Nikolov et al., 1995) and is derived
mined by several previous DNA crosslinking studies in from the human TBP-TFIIBc X-ray structure extended by straight B
form DNA. The 12 base pair is highlighted as in Figure 6C.the mammalian transcription system. In these studies,
(B) Same as (A), but with 35 rotation compared to (A).extensive crosslinking between promoter DNA down-
(C) Same as (A), but with 90 rotation compared to (B). From this view,stream of TATA and the Rpb1 and Rpb2 subunits was
the TFIIB ribbon domain, which contains the zinc atom (magenta
observed (Forget et al., 2004; Kim et al., 2000; Robert sphere), can be seen in close contact with the Pol II dock.
et al., 1998; Kim et al., 1997). In addition, the Pol II subunit
Architecture of the Pol II Preinitiation Complex
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Rpb5 was found to crosslink 5–15 bases downstream of central cleft and RNA exit groove interact extensively
with the general factors and DNA. An important questionthe mammalian transcription start site (Kim et al., 1997),
to address is whether the structures of the smaller Polalso consistent with our model. One result not predicted
II complexes reflect the positions of these factors in theby our model is the weak crosslinking of promoter DNA
context of the much larger PIC.upstream from the TATA to Rpb1 observed in human
In this study and in previous work, we have mappedPICs (Robert et al., 1998; Kim et al., 1997). In these
the structure of the PIC by attaching biochemical probesstudies, Rpb2 also crosslinked to this upstream DNA.
to the surfaces of general factors, assembling theseIn our model, DNA upstream from the TATA is near only
modified factors in PICs, and mapping protein-proteinRpb2, and interaction with Rpb1 would involve a change
interactions (Chen and Hahn, 2003; Warfield et al., 2004).in direction of the upstream DNA. However, our model
Comparison of our mapping results with the structureagrees with all protein-DNA crosslinking observed in
of the Pol II-TFIIB complex shows that the TFIIB ribbonarchaea Pol PICs. In these studies, DNA upstream from
and B finger domains bind Pol II similarly in the PIC andthe TATA crosslinked only to the archaea Pol subunit B
in the Pol II-TFIIB complex. The interaction of these two(corresponding to the Rpb2 subunit) and not to archaea
TFIIB domains with Pol II are likely the highest-affinityPol subunits Aor A″ (corresponding to the Rpb1 subunit
interactions between TFIIB and Pol II and are not influ-split into two subunits in archaea) (Bartlett et al., 2004;
enced by other factors or DNA in the PIC. In contrast,Renfrow et al., 2004).
we observed specific positioning of the TFIIB linker andIn mammalian cells, melting of the DNA template oc-
core domains on Pol II only in the complete PIC and notcurs at position 12, located 19 bp downstream from
in the smaller Pol II-TFIIB complex. We suggest that thisthe TATA (Wang et al., 1992; Holstege et al., 1997) (high-
difference is due to weak interaction of the core domainlighted base pair in Figure 7). Although S. cerevisiae
with Pol II that is readily altered by cooperative interac-uses an unusual mechanism of transcription start site
tions with other general factors and DNA. Consistentselection (see below), it has been suggested that the
with this model, weak electron density for the TFIIBinitial site of DNA melting at yeast promoters is similar
linker and core domains was observed in the Pol II-TFIIBto other eukaryotes (Giardina and Lis, 1993). If so, this
complex (Bushnell et al., 2004). It is possible that crystalwould position the upstream end of the single-stranded
packing and/or the conditions of crystallization also in-DNA bubble in yeast and higher eukaryotes at a location
fluenced the positioning of the TFIIB linker and coresimilar to that seen in the bacterial RNA polymerase
domains. We have examined the binding of TFIIB inholoenzyme-fork junction DNA X-ray structure (Mura-
complexes formed with immobilized activator in the ab-kami et al., 2002) (Supplemental Figure S4). DNA melting
sence of promoter DNA, where these complexes containinitiated from this location would allow the 1 base in
most or all of the general factors (H-T.C., unpublishedthe template strand at the transcription start site for
data). In the absence of DNA, we observe the samehigher eukaryotes (12 bases from the initial site of melt-
pattern of TFIIB-Pol II interaction as in the Pol II-TFIIBing) to reach the buried active site of Pol II by a path
complex, suggesting that DNA is an important compo-similar to that proposed for bacterial Pol. TFIIF is not
nent leading to correct positioning of the TFIIB linkerincluded in the current model because it is not yet known
and core domains.what regions of Tfg1 and Tfg2 are near TFIIB. However,
From our predicted position of TFIIB on Pol II, theTfg1 binding underneath and on both faces of the TFIIB
core domain is seen to play at least two important rolescore domain, as demonstrated by our photocrosslinking
in the mechanism of initiation. First, positioning of theresults, could allow TFIIF to interact with DNA on either
core domain at a precise location on Pol II determinesside of the TATA box. In summary, even though this
the direction of the DNA path in the PIC. Second, sincestructure model of the PIC is very different from other
the TFIIB core domain interacts with a specific segmentproposed models, our model is consistent with nearly all
of promoter DNA surrounding the TATA box, binding of
of the published protein-DNA crosslinking interactions
the core domain to Pol II also determines which base
observed in the PIC.
pairs lie directly over the active site. TBP plays an impor-
tant role in this process because of its specific binding
Discussion to the TATA box and interaction with TFIIB. From our
model, TBP also bends DNA around the surface of Pol
Pol II lies at the center of the transcription machinery II. Many cellular promoters do not have TATA sequences
where it cooperates with the general transcription fac- (Basehoar et al., 2004; Ohler et al., 2002), and the mecha-
tors and DNA during PIC formation, the transition to the nism of TBP interaction with DNA at these non-TATA
open complex, and transcription initiation. Pol II struc- promoters is unknown (Patikoglou et al., 1999; Martinez
tures that have been solved include the 10 and 12 sub- et al., 1995). DNA bending at these promoters may be
unit enzymes, the elongating form of Pol II with DNA mediated by other factors such as Tafs, which are known
and RNA, and the Pol II-TFIIS and Pol II-TFIIB complexes to interact with downstream promoter DNA (Smale and
(Westover et al., 2004; Bushnell et al., 2004; Bushnell Kadonaga, 2003).
and Kornberg, 2003; Kettenberger et al., 2003; Armache Based on the structure of the human TBP-TFIIBc-DNA
et al., 2003; Cramer et al., 2001). Cryo-EM structures complex, our modeling places promoter position 12
have been determined for the 12 subunit Pol II and the directly over the Pol II active site cleft and 20 A˚ from
Pol II-TFIIF and Pol II-Mediator complexes (Chung et the Pol II structural elements (rudder, lid, and fork loop
al., 2003; Davis et al., 2002; Craighead et al., 2002). 1) known to interact with the upstream edge of the tran-
These structures, together with biochemical and genetic scription bubble in elongating Pol II (Westover et al.,
2004; Gnatt et al., 2001). In mammalian systems, positionstudies, have indicated that surfaces surrounding the
Cell
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12 is known to be at the upstream edge of the tran- with previous genetic suppression studies in which a
scription bubble during open complex formation when mutation in Tfg1 could suppress a mutation in the B
15 base pairs surrounding the transcription start site finger region, restoring the transcription start site to
are melted. S. cerevisiae has an unusual mechanism of its normal location (Sun and Hampsey, 1995). A model
start site selection, although initial DNA melting seems consistent with our results is that Tfg1 and the B finger
to occur in the same location with respect to the TATA act together during the process of initiation and open
compared to mammalian promoters (Giardina and Lis, complex formation. Interestingly, transcription in arch-
1993). A model for S. cerevisiae start site selection is aea utilizes only TBP, Tfb, and archaeal Pol as essential
that, after the initial melting reaction and insertion of the components of the transcription machinery (Bell and
template strand into the active site of Pol II, the template Jackson, 1998). It is unknown how the mechanism of
strand slips though the active site until a suitable se- initiation in archaea is related to that in eukaryotes, since
quence for initiation is located (Bushnell et al., 2004). TFIIE, TFIIF, and TFIIH functions are not required. Simi-
The TFIIB B finger domain Tfg1 and the Pol II subunits larly, transcription by Pol III utilizes TBP, Bdp1, and Brf1
Rpb1, 2, and 9 can all influence this process, as demon- (a TFIIB-like factor) but no general factors analogous to
strated by mutations that alter the transcription start TFIIE, TFIIH, or TFIIF (Schramm and Hernandez, 2002).
site (Hahn, 2004). Our crosslinking results also show that Tfg1 is closely
Comparison of our model with that of the bacterial associated with the TFIIB core domain, with nearly every
Pol holoenzyme fork junction DNA complex shows that position tested crosslinking to Tfg1. These results sug-
the 12 position in our model is in a similar location to gest that Tfg1 surrounds the underside of the core do-
position 10 in bacterial promoter DNA, the site of main. We have not included Tfg1 in our structure model
strand melting (Supplemental Figure S4). From this loca- because it is not known which region of Tfg1 interacts
tion, the 12 bases of template strand DNA from 12 to with the core domain. However, the crosslinking results
1 (mammalian numbering) could reach into the active are consistent with Tfg1 residing inside the indentation
site of the enzyme during open complex formation and between the protrusion and wall and on the edge of
be correctly positioned for initiation by a path similar to the wall to allow multiple interactions with the B finger,
that proposed for bacterial Pol. Thus, while the struc- linker, and core domains. From this position, Tfg1 also
tures of the DNA recognition factors sigma, TBP, and likely interacts with Pol II and helps position the TFIIB
TFIIB are completely different, the DNA melting site core domain on Pol II. One position in the core domain
seems positioned similarly over the active site of Pol II was found to crosslink to Tfg2, the second-largest sub-
and bacteria Pol. Despite this similar positioning of the unit of S. cerevisiae TFIIF. From our model, this would
DNA melting site, upstream DNA follows a different path be consistent with the location observed for one Tfg2
in the two systems. Sigma binding to sequences at posi- domain in the cryo-EM structure of the Pol II-TFIIF com-
tions 10 and 35 directs the DNA downward across plex where this domain was positioned near the Pol II
the RNA exit channel. In the eukaryotic and archaeal wall domain (Chung et al., 2003).
systems, we propose that bending mediated by TBP In summary, our results have provided a model for
and TFIIB recognition of the BRE wraps DNA around the structural basis of PIC formation, suggesting a role
Pol II in a path parallel to the direction of the central cleft. of TFIIB in positioning the path of DNA and in determin-
From DNA-protein crosslinking studies, TFIIE is pre- ing the site of initial strand opening. These results also
dicted to bind upstream of the transcription start site reveal a likely role for TFIIF in cooperation with TFIIB
and in our model would be positioned approximately
during initiation and PIC formation. The mapping of pro-
between 10 and 1 (Kim et al., 2000; Robert et al.,
tein-protein interactions in the PIC and other intermedi-1998). TFIIE can interact with single-stranded DNA and
ates in the transcription cycle will aid future genetic,may promote and/or stabilize the separation of DNA
biochemical, and structural studies in determining thestrands during open complex formation (Okuda et al.,
mechanism and regulation of Pol II transcription.2000). The DNA helicase XPB, a subunit of TFIIH, cross-
links to DNA in PICs downstream from the transcription
start site (and upstream in one study) where it functions Experimental Procedures
to destabilize double-stranded DNA (Kim et al., 2000;
Douziech et al., 2000). In our model, this DNA segment Yeast Strains, Nuclear Extracts, and Antisera
The following yeast strains were used for this study: SHY245 con-would be near Rpb5 and Rpb9. In these positions, TFIIH
tains the TFIIB mutation G41E (Ranish et al., 1999); SHY551 andwould be adjacent to the mobile clamp, jaw/lobe, and
552 contain a triple Flag epitope fused to the C terminus of Rpb1shelf regions, and TFIIE would be adjacent to the clamp.
or Rpb2, respectively (Chen and Hahn, 2003); SHY713 contains Rpb2The positioning of these general factors near mobile
triple Flag tagged at the N terminus; and SHY384 and SHY564 con-
elements may be important for the large conformational tain a triple Flag epitope at the C terminus of Tfg1 or Tfg2, respec-
changes in protein and DNA that occur during open tively. Yeast nuclear extracts were made as described (www.fhcrc.
complex formation. org/labs/hahn). Anti-Flag M2 monoclonal antibody was from Sigma,
and rabbit polyclonal antisera was generated against the N-terminalMapping residues in close proximity to the B finger
200 amino acids of S. cerevisiae Rpb1.and linker domains of TFIIB showed that Tfg1, the large
subunit of TFIIF, crosslinked to both domains. This sug-
gests that Tfg1 also lies near the active center of Pol II.
TFIIB Mutant Construction and Purification
Although TFIIF was not observed in this location in the All cys substitutions in the ribbon domain were generated in the
cryo-EM structure of the Pol II-TFIIF complex, at least background of the four cys core domain mutations shown in Figure
30% of TFIIF density was not visible in this complex 1A (Chen and Hahn, 2003). The recombinant protein was expressed
and purified as previously described (Chen and Hahn, 2003).(Chung et al., 2003). Our Tfg1 crosslinking results agree
Architecture of the Pol II Preinitiation Complex
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Attachment of Photocrosslinker PEAS and Protein Institutes of Health. S.H. is an associate investigator of the Howard
Hughes Medical Institute.Cleavage Reagent FeBABE
Labeling of the TFIIB cys mutants with PEAS (Molecular Probes)
and FeBABE (Dojindo) was as previously described (Chen and Hahn, Received: May 13, 2004
2003). Labeled samples were frozen and stored at70C until use in Revised: September 3, 2004
photocrosslinking or hydroxyl radical assays. Labeling and sample Accepted: September 9, 2004
storage buffer contained 300 mM KOAc, 10% glycerol, and 20 mM Published: October 14, 2004
Tris (pH 7.8).
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